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WhyWhy studystudy inin--mediummedium hadronshadrons??
NucleonNucleon--mesonmeson physicsphysics in in mediummedium

Link to Link to NucleonNucleon--ResonanceResonance PropertiesProperties
DensityDensity maymay restorerestore symmetriessymmetries of QCDof QCD

Drop of Drop of condensatescondensates
DegeneracyDegeneracy of of chiralchiral partnerspartners

NucleusNucleus as a as a ‚‚microdetectormicrodetector‘‘: : 
accessaccess to to productionproduction-- and and form.form.--timestimes in in quarkquark--
fragmentationfragmentation, , colorcolor transparencytransparency

InIn--mediummedium propertiesproperties maymay signalsignal exoticexotic statesstates of of 
nuclearnuclear matter (matter (e.ge.g.: QGP) .: QGP) 

needneed baselinebaseline effectseffects in normal in normal nuclearnuclear mattermatter
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InIn--mediummedium changeschanges: : experimentexperiment 20002000
EvidenceEvidence forfor QGP at QGP at CernCern Total Total photoabsorptionphotoabsorption cross cross sectionsection
Invariant (Invariant (e+ee+e--) ) massmass spectrumspectrum

explainedexplained byby spectralspectral changechange of of ρρ mesonmeson in in densedense, (hot) matter, (hot) matter
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InIn--mediummedium changeschanges: : experimentexperiment 20032003

evidenceevidence forfor QGP at QGP at 
RHIC:RHIC:
Jet Jet Quenching

RelatedRelated PhotonuclearPhotonuclear
EffectEffect at HERMES:at HERMES:
Jet Jet QuenchingQuenching Quenching
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EquilibriumEquilibrium vs. vs. NonequilibriumNonequilibrium
oror: : whywhy itit isis betterbetter to to workwork withwith microscopicmicroscopic probesprobes on on nucleinuclei

URHIC URHIC signalsignal sumssums overover veryvery different different stagesstages of of 
reactionreaction::

Start: Start: highlyhighly nonnon--equilibratedequilibrated, , veryvery high high densitydensity
End: End: equilibratedequilibrated, high , high temperaturetemperature, , lowlow densitydensity

In In thermalthermal equilibriumequilibrium all all infosinfos aboutabout interactionsinteractions areare lostlost

Theories Theories assumeassume equilibriumequilibrium forfor calculatingcalculating
hadronichadronic inin--mediummedium propertiesproperties
PhotonuclearPhotonuclear reactionsreactions muchmuch closercloser to (to (coldcold) ) 
equilibriumequilibrium, , lowlow butbut constantconstant densitydensity throughoutthroughout
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ObservablesObservables
Experimental Experimental datadata: : 
incoherentincoherent photophoto-- and and electroproductionelectroproduction of of 
hadronshadrons on on nucleinuclei fromfrom 100 MeV (MAMI, ELSA) 100 MeV (MAMI, ELSA) 
overover fewfew GeVGeV (JLAB) to ~20 (JLAB) to ~20 GeVGeV (HERMES)(HERMES)
Experiment:Experiment:

weakweak ISI ISI γγ bestbest
FSIFSI

HadronicHadronic, , e.ge.g. . φφ →→ KK++KK-- difficultdifficult
SemihadronicSemihadronic, , e.ge.g. . ωω →→ ππ00 γγ possiblepossible
ElectromagneticElectromagnetic, , e.ge.g. . ωω →→ ee--ee-- bestbest
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ObservablesObservables

FSI FSI importantimportant::
attenuationattenuation of of primaryprimary particleparticle
cancan bebe treatedtreated byby Glauber Glauber ((standardstandard))

Side Side feedingfeeding fromfrom otherother channelschannels,,
e.ge.g. . γγ N N →→ ππ N, N, ππ NN‘‘ →→ K K ΛΛ
mustmust bebe treatedtreated byby CoupledCoupled ChannelsChannels (BUU) (BUU) 
MethodMethod
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Vector Mesons: Vector Mesons: HadronicHadronic TensorTensor
determinesdetermines electromagneticelectromagnetic couplingcoupling to           to           
hadronshadrons::

Πµν ∼
Z
d4xeiqxh0|T [jµ(x)jν(0)] |0i

=
³
q2gµν − qµqν

´
Π
³
q2
´
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Vector Mesons: Vector Mesons: HadronicHadronic TensorTensor

Total cross Total cross sectionsection forfor hadronhadron productionproduction::

ExperimentallyExperimentally knownknown forfor freefree hadronshadrons
containscontains spectralspectral informationinformation aboutabout hadronshadrons
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Vector Mesons: Vector Mesons: HadronicHadronic TensorTensor

Πµν(q) ∼
Z
d4x eiqxh0|T [jµ(x)jν(0)] |0i

=
Z
d4x eiqxh0|T [ρµ(x)ρν(0)] |0i

m2ρ

g2ρ
=
m2ρ

g2ρ
Dµνρ (q)

ρ meson propagator

Spectral Function

A(ω, ~q) = −1
π
=D(ω, ~q) ∼ =Π(ω, ~q)

Vector Meson Vector Meson DominanceDominance
Photon Photon ≅≅ Vector Vector mesonmeson (J(Jππ=1=1--))

Two ways:
Determine constraints on in-medium Π from QCD sum rules
Calculate in-medium Π in hadronic model
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QCD QCD SumSum RuleRule
onlyonly ‚‚cleanclean‘‘, , butbut indirectindirect connectionconnection betweenbetween

hadronichadronic and and quarkquark worldworld
CompareCompare spectralspectral functionfunction in in timetime--likelike regionregion withwith
OPE of OPE of currentcurrent--correlatorcorrelator forfor spacespace--likelike distancesdistances

Q2

π

Z ∞
0
ds

=Π(s)
s
³
s+Q2

´ = − 1

8π2

µ
1+

αs

π

¶
ln
Q2

Λ2

+
mqhq̄qi
Q4

+
1

24

hαsπ G2i
Q4

+
h(q̄q)2i
Q6

+ . . .

LhsLhs dominateddominated byby soft soft scalescale ~ m~ mρρ

RhsRhs separates separates hardhard scalescale ~ Q~ Q2 2 fromfrom
soft soft scalescale ((condensatescondensates))
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=Π(s) = πF
S(s)

s
Θ(s0−s)+

1

8π

µ
1 +

αs

π

¶
Θ(s−s0)

Model Model condensatecondensate ((ρρ))
ParametrizeParametrize == ΠΠ in in termsterms of of fewfew parametersparameters, , 
to to bebe extractedextracted fromfrom sumsum rulerule

HatsudaHatsuda--LeeLee (1991):(1991):

S(s) = δ(s −m2ρ) =⇒ mρ

LeupoldLeupold--PetersPeters--MoselMosel (1998):(1998):

S(s) =
1

π

q
(s)Γρ(s)³

s −m2ρ
´2
+ sΓρ(s)2

=⇒ (mρ,Γρ)
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ρρ spectralspectral functionfunction in in mediummedium

freefree ρρ mesonmeson

QCDSR-allowed (Γ,m)
at saturation density

QCD QCD SumSum RulesRules
provideprovide constraintsconstraints
forfor, , butbut do do notnot fix fix inin--
mediummedium hadronhadron propsprops

Leupold et al, Phys.Rev.C58:2939-2957,1998 
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TheoreticalTheoretical MethodMethod

EntranceEntrance ChannelChannel: : 
Quantum Quantum CoherenceCoherence: : ShadowingShadowing

PrimaryPrimary ProductionProduction
ResonanceResonance DecayDecay oror StringString--FragmentationFragmentation (PYTHIA)(PYTHIA)

ExitExit ChannelChannel: : 
IncoherentIncoherent Final State Final State InteractionsInteractions (Absorption + (Absorption + 
ScatteringScattering + + SideSide--FeedingFeeding), ), PropagationPropagation withwith selfself--
energiesenergies and and interactionsinteractions throughthrough resonancesresonances oror
fragmentationfragmentation
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TheoreticalTheoretical MethodMethod: : 
CoherenceCoherence in in EntranceEntrance ChannelChannel

HadronicHadronic Structure of the PhotonStructure of the Photon
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TheoreticalTheoretical MethodMethod: : 
CoherenceCoherence in in EntranceEntrance ChannelChannel

CoherenceCoherence LengthLength: : 
Distance Distance thatthat thethe photonphoton travelstravels as V as V mesonmeson

TreatTreat byby GlauberGlauber

lρ =
2 ν

Q2 +m2V
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TheoreticalTheoretical MethodMethod: : 
BUU CC transport modelBUU CC transport model

Same Code Same Code forfor Same Same PhysicsPhysics
PhotonuclearPhotonuclear reactionsreactions γγ ++ AA
HadronicHadronic reactionsreactions ππ,p + ,p + AA
HeavyHeavy--ionion reactionsreactions A + A + AA

ResonanceResonance and and ContinuumContinuum Region Region treatedtreated
ResonanceResonance DecaysDecays fromfrom datadata
ContinuumContinuum DecaysDecays fromfrom String String FragmentationFragmentation
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TheoreticalTheoretical MethodMethod: : 
BUU CC Transport ModelBUU CC Transport Modelµ

∂

∂t
+ (∇~pH)∇~r− (∇~rH)∇~p

¶
fi(~r, ~p, t) = Icoll [f1, . . . , fi, . . . , fM]

fi : phase space density

H : Hamilton function

H =
q
(µ+ Us)

2+ ~p2

collision integral accounts for changes 
in  fi due to 2 particle collisions:
creation, annihilation, elastic scattering
(Pauli blocking for fermions)

set of BUU equations coupled via I_coll and mean field

1. products of γ*A reaction need not be created in primary γ*N
reaction

2. In-medium changes can be modelled in H (selfenergies) and in 
I_coll (reaction rates, form. times, prehadron cross sections)

3. Experimental acceptance can be simulated event by event
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NucleonNucleon--SpectralSpectral FunctionsFunctions
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NucleonNucleon--SpectralSpectral FunctionsFunctions
--- Benhar et al

Data: Sick et al

Lehr et al, Nucl.Phys.A703:393,2002 

Spectral Functions determined by coll. width
Phase space
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ChiralChiral SymmetrySymmetry RestorationRestoration

SPS

LHC

RHIC

beamsp,, −πγ −

SIS 18 
SIS 300
(FAIR)

T,qq ρ><

T[MeV]

ρ

KlimtKlimt et al, 1990et al, 1990

OrderOrder
parameterparameter

Connection to Observables??
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ChiralChiral SymmetrySymmetry RestorationRestoration
22ππ00 ProductionProduction on on NucleiNuclei

π0π0

450

π0π0π0π0

450

π±π0π±π0π±π0

TAPS data
Eγ= 400 – 500 MeV

ExpectedExpected: : 
σσ--ππ degeneratedegenerate in in chiralchiral limitlimit

shiftshift of of σσ strengthstrength
to to lowerlower massesmasses
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22ππ00 ProductionProduction on on NucleiNuclei

Problem with
π0π+/- channel

Need:
Single (γ,π±) 
data

TAPS Data

Calculations without
chiral restoration
explain 2π0 data!

P. Muehlich et al, Nucl.Phys.A703:393-408,2002 
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22ππ00 ProductionProduction on on NucleiNuclei

ChiralChiral symmetrysymmetry restorationrestoration????
EvidenceEvidence
forfor loweringlowering
of of scalarscalar
strengthstrength inin
nucleinuclei (??)(??)

Giessen:Giessen:
onlyonly FSIFSI
Valencia:Valencia:
ππ ππ correlationcorrelation
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NeedNeed: : HadronicHadronic ModelModel
PropagatorPropagator in Mediumin Medium

LowLow densitydensity theoremtheorem:     :     ΠΠmedmed = t = t ρρ

withwith ((OpticalOptical Theorem): Theorem): == t ~ t ~ σσtottot

MassMass shiftshift, , CollisionalCollisional broadeningbroadening: : 

∆∆ mm22 = = << ΠΠmedmed ∆∆ ΓΓ ∼∼ == ΠΠmedmed →→ v v σσtottotρ

D(ω, ~q) =
1

q2−m2−Πvac −Πmed

ρ
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ρρ and N* and N* selfenergyselfenergy in in mediummedium

Crucial N* → N ρ coupling

Coupled Channel P
roblem
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Relevant Relevant ResonancesResonances: : 
DD1313(1520), P(1520), P1313(1720)(1720)

PDG: PDG: 
DD1313 : : ΓΓNNρρ ≈≈ 20 %    20 %    subthresholdsubthreshold !!
PP1313 : : ΓΓNNρρ ≈≈ 80 %80 %

DD13 13 subthresholdsubthreshold large large couplingcoupling to Nto Nρρ
ButBut: so far : so far notnot directlydirectly beenbeen measuredmeasured! ! 
OnlyOnly indirectindirect infosinfos fromfrom 22ππ invariant invariant massesmasses
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N(1520) N(1520) →→ N N ρρ
Experiments: Daphne, TAPS at MAMI

ρ− strength

PWA identification of ρ−meson still missing



PN12 2004

N(1520) N(1520) →→ N N ρρ
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RhoRho mesonmeson in matterin matter

TransverseTransverseLongitudinal            Longitudinal            
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InIn--mediummedium ResonanceResonance D13(1520)D13(1520)

Collision width:
N(1520) doubles
width!

tt--ρρ approximationapproximation

failsfails alreadyalready at at veryvery lowlow densitydensity

free width

Solves photoabsorption puzzle?
Post et al, Nucl.Phys.A741:81,2004 
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InIn--mediummedium ResonanceResonance N(1520)N(1520)

transvers longitudinal

Double bump from s-wave
coupling to D13(1520)

D13 influence reduced, 
p-wave coupling to 
P13(1720) and F35(1905)

Transverse broadened by
coupling to higher resonances
Longitudinal does not couple
to p-waves, only weakly to 
s-waves at large q
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InIn--mediummedium ResonanceResonance D13(1520)D13(1520)
parameterparameter--sensitivitysensitivity

Post et al, Nucl.Phys.A741:81,2004 
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InIn--mediummedium ResonanceResonance S11(1535)S11(1535)

S11(1535) only little modified
Largest changes from Pauli block and mod. ρ spectral function

Post et al, Nucl.Phys.A741:81,2004 
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Omega in MediumOmega in Medium
ωω →→ γγ ππ0 0 (TAPS@ELSA)(TAPS@ELSA)

TAPS data

Mω = Mω
0 ( 1 – 0.16 ρ/ρ0)

Γω ≈ 40 MeV at ρ0 and pω=0
M independent of pω

Background from
2π0 → 4 γ,
one escapes with p(γ)
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ηη PhotoPhoto--ProductionProduction on on nucleinuclei

S11(1535):S11(1535):
smallsmall inin--mediummedium
changechange forfor p=0, p=0, 
sizeablesizeable momenmomen--
tumtum dependencedependence
of of selfself--energyenergy.
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J. Lehr et al, Phys.Rev.C68:044601,2003
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PhotoPhoto--pionpion productionproduction on on nucleinuclei
TAPS TAPS DataData on on ππ0 0 productionproduction ((KruscheKrusche et al)et al)
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CoupledCoupled ChannelChannel EffectsEffects

Final Final statestate interactionsinteractions cancan increaseincrease cross cross sectionsection

}FSI effect

Falter et al
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SecondariesSecondaries
γγ N N →→ ππ N, N, ππ NN→→ ηη NN
DominateDominate
CoupledCoupled channelchannel
treatmenttreatment necessarynecessary !!

CoupledCoupled ChannelChannel EffectsEffects
ηη ElectroproductionElectroproduction

Lehr et al,
PRC68:044603,2003
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φφ photoproductionphotoproduction (Spring 8)(Spring 8)

PredictedPredicted: : 
∆∆ m m ≈≈ –– 30 MeV 30 MeV 
ΓΓ

collcoll
≈≈ 24 MeV 24 MeV 

Problem:Problem:
StrongStrong FSI on FSI on kaonskaons ((φφ →→ KK++KK--))

CoulombCoulomb effectseffects on on kaonskaons
InIn--mediummedium selfself--energiesenergies of of kaonskaons
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φφ photoproductionphotoproduction (Spring 8)(Spring 8)
Integral test: Integral test: ==((ΠΠ) ) throughthrough absorptionabsorption lengthlength
(Glauber)(Glauber) AA--dependencedependence

Cabrera et al, Poster
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φφ photoproductionphotoproduction (Spring 8)(Spring 8)
Muehlich et al, Phys.Rev.C67:024605,2003 

Collisional broadening ≈ × 2

But: Coulomb kills it all
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DileptonsDileptons: light : light fromfrom thethe interiorinterior
JLabJLab Experiment EExperiment E--0101--112, g112, g--77

((DjalaliDjalali, , WeygandWeygand, , TurTur et al.)et al.)

Same sources as in URHICs!
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DileptonsDileptons: light : light fromfrom thethe interiorinterior

JLabJLab Experiment EExperiment E--0101--112, g112, g--77
((DjalaliDjalali, , WeygandWeygand, , TurTur et al.)et al.)

γ+ p → p + e+e-

gives access to 
em formfactor in
time-like region
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JLabJLab Experiment EExperiment E--0101--112, g112, g--77
((DjalaliDjalali, , WeygandWeygand, , TurTur et al.)et al.)

M. Effenberger et al, Phys.Rev.C60:044614,1999

Same sources as in URHICs!
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Same Sources !
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DileptonsDileptons: light : light fromfrom thethe interiorinterior

ω melted

ω peak fades away with A with cut on low momenta
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DileptonsDileptons at 8 at 8 GeVGeV

P. Muehlích, 2004

φ meson enhanced
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High Energy γ Production Processes

DiffractiveDiffractive VMDVMD--EventEvent
Main contribution to 
exclusive ρ0-production

DeepDeep inleasticinleastic scatteringscattering, , 
JetsJets

How long does it take to form a hadron?
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Color Color TransparencyTransparency (?)(?)
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InIn--medium fragmentation (HERMES)medium fragmentation (HERMES)
Charged Charged hadronhadron ratios (to p)ratios (to p)
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 τf = 0.
 τf = 0.1 fm/c
 τf = 0.3 fm/c

Yields info on
hadronization times

nucleus as micro-
detector

T. Falter et al, 

Phys.Lett.B594:61-68,2004

Formation time
τf > 0.3 fm/cFast (pre)hadrons see nucleus
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HERMES @ 12 HERMES @ 12 GeVGeV ((ττff = 0.5 fm/c)= 0.5 fm/c)

Model works also at lower energiesModel works also at lower energies
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Jefferson Lab Jefferson Lab 
((ττff = 0.5 fm/c)= 0.5 fm/c)

CLAS detectorCLAS detector
larger geometrical larger geometrical 
acceptanceacceptance

detects more secondary detects more secondary 
particles from FSIparticles from FSI

CEBAFCEBAF
lower energylower energy

strong effect of strong effect of 
FermiFermi--motionmotion
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T. Falter, PhD thesis, Giessen, 2004
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JlabJlab at 12 at 12 GeVGeV
CLAS acceptance modelled

C
Fe
Pb

T. Falter, PhD thesis, Giessen, 2004
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SummarySummary

MethodMethod combinescombines coherencecoherence in in entranceentrance
channelchannel ((shadowingshadowing) ) withwith coupledcoupled channelchannel
((incoherentincoherent) ) transporttransport in in exitexit channelchannel

ReliableReliable tooltool forfor interpretationinterpretation of of manymany--bodybody
processesprocesses: : samesame physicsphysics (and (and codecode!) !) forfor
photonuclearphotonuclear and and heavyheavy--ionion reactionsreactions. . AllowsAllows
offoff--shellshell transporttransport of of broadbroad resonancesresonances and and 
implementationimplementation of experimental of experimental acceptanceacceptance
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SummarySummary
TheoreticalTheoretical methodsmethods to to calculatecalculate equilibriumequilibrium inin--mediummedium
propertiesproperties quitequite advancedadvanced: : selfconsistencyselfconsistency possiblepossible, , butbut
still formidable still formidable manymany channelchannel problemproblem

ChiralChiral symmetrysymmetry restorationrestoration in in nucleinuclei suggestive, suggestive, butbut
hardhard to to pinpin downdown

ReactionsReactions withwith microscopicmicroscopic probesprobes (p, (p, ππ, γ) , γ) provideprovide
baselinebaseline forfor ‚‚exoticexotic‘‘ phenomenaphenomena in in URHICsURHICs

At high At high energiesenergies accessaccess to to formationformation timestimes and CTand CT



PN12 2004

Marcus PostJürgen Lehr
Pascal Mühlich

Stefan Leupold
Thomas Falter


	Hadrons in NucleiPredictions and Observables
	Why study in-medium hadrons?
	In-medium changes: experiment 2000
	In-medium changes: experiment 2003
	Equilibrium vs. Nonequilibriumor: why it is better to work with microscopic probes on nuclei
	Observables
	Observables
	Vector Mesons: Hadronic Tensor
	Vector Mesons: Hadronic Tensor
	QCD Sum Ruleonly ‚clean‘, but indirect connection between hadronic and quark world
	ρ spectral function in medium
	Theoretical Method
	Theoretical Method: Coherence in Entrance Channel
	Theoretical Method: Coherence in Entrance Channel
	Theoretical Method: BUU CC transport model
	Theoretical Method: BUU CC Transport Model
	Nucleon-Spectral Functions
	Nucleon-Spectral Functions
	Chiral Symmetry Restoration
	Chiral Symmetry Restoration20 Production on Nuclei
	20 Production on Nuclei
	20 Production on Nuclei
	Need: Hadronic Model
	ρ and N* selfenergy in medium
	Relevant Resonances: D13(1520), P13(1720)
	N(1520) ! N 
	N(1520) ! N 
	Rho meson in matter
	In-medium Resonance D13(1520)
	In-medium Resonance N(1520)
	In-medium Resonance D13(1520)parameter-sensitivity
	In-medium Resonance S11(1535)
	Omega in Medium
	 Photo-Production on nuclei
	Photo-pion production on nuclei
	Coupled Channel Effects
	 photoproduction (Spring 8)
	 photoproduction (Spring 8)
	 photoproduction (Spring 8)
	Dileptons: light from the interior
	Dileptons: light from the interior
	JLab Experiment E-01-112, g-7(Djalali, Weygand, Tur et al.)
	Dileptons: light from the interior
	Dileptons at 8 GeV
	High Energy  Production Processes
	Color Transparency (?)
	Jlab at 12 GeV
	Summary
	Summary
	

